BACKGROUND: Case reports and series have suggested an association between injury during pregnancy and several nervous system and nervous system-related adverse fetal/neonatal outcomes. This study's purpose is to further determine if there is an association between injury during pregnancy and nervous system birth defects in infancy. METHODS: Through a case-control study, the association between injury during pregnancy and nervous system birth defects was tested using the Texas Birth Defects Registry (1999)(2000)(2001)(2002)(2003). Semiautomated probabilistic bias analysis was used to correct for systematic error from misclassification of injury during pregnancy. RESULTS: Of the 59,750 infants eligible for this study, 4144 (6.94%) were diagnosed with a nervous system birth defect and 315 (0.53%) of the infants' mothers were injured during pregnancy. Among these 315 women, 25 (7.94%) delivered an infant with a subsequent nervous system birth defect. The adjusted odds ratio for the association between injury during pregnancy and nervous system birth defects among all study infants was 1.00; 95% confidence interval, 0.63-1.56 and 2.44; 95% confidence interval, 1.08-5.53 among breech presentation infants. Probabilistic bias analysis supported these findings. CONCLUSION: No association between injury during pregnancy and nervous system birth defects was identified. Further exploration into the association among breech presentation infants is warranted. Birth Defects Research (Part A) 97:641-648,
INTRODUCTION
Approximately 7% of pregnant women experience injury during pregnancy (Peckham and King, 1963; Tinker et al., 2010) ; 3.9% of all pregnant women sustain an injury during pregnancy that results in a visit to an emergency department (Weiss et al., 2008) ; and 0.3 to 0.4% of pregnant women will have a trauma-related hospital admission (Lavin and Polsky, 1983) . The causes of injury during pregnancy are thought to parallel the general population's (Weintraub et al., 2006) , because pregnant women in the United States usually continue most everyday activities throughout pregnancy (Colburn, 1999) . Some of the most frequent causes of injury during pregnancy are motor vehicle crashes, falls, being hit by an object or person, burns, poisoning, being cut or pierced, and overexertion. Motor vehicle crashes are the primary reported cause of serious injury during pregnancy (Connolly et al., 1997; Shah et al., 1998; Baerga-Varela et al., 2000; Weiss et al., 2001; Ikossi et al., 2005; Leroy-Malherbe et al., 2006; Weiss, 2006; Nannini et al., 2008; Kvarnstrand et al., 2008) .
Injury during pregnancy has been associated with several adverse fetal and pregnancy outcomes (Pearlman et al., 1990; Wolf et al., 1993; Greenblatt et al., 1997; Klinich et al., 1998; Weiss, 1999; Corona-Rivera et al., 2001; Hyde et al., 2003; El-Kady et al., 2004; Schiff and Holt, 2005; Weiss, 2006; Kuo et al., 2007; Klinich et al., 2008; Oxford and Ludmir, 2009 ). In addition, fetal brain injury (Bowdler et al., 1987; Stafford et al., 1988; Knuppel et al., 1994; Ankuist et al., 1994; Baethmann et al., 1996; Litmanovitz et al., 2000) , long bone fractures (Crosby, 1974) , intraabdominal injuries (Fries et al., 1989; Parida et al., 1999) , and intrathoracic injuries (Sherer et al., 1993; Litmanovitz et al., 2000) have been reported due to motor vehicle crashes during pregnancy. Although there are many associations between injury during pregnancy and adverse pregnancy and fetal outcomes, few studies have examined the relationship between injury during pregnancy and birth defects (Richards, 1969; Tinker et al., 2011) .
Approximately 150,000 infants (Petrini et al., 2002) , or 3% of all live born infants, are born with a birth defect in the United States each year (Honein et al., 1999; Centers for Disease Control and Prevention, 2012a) . For at least the past 20 years, birth defects have been the leading cause of infant mortality in the United States, accounting for approximately 20% of all infant deaths (Petrini et al., 2002) . However, less than 4% of infants born with a birth defect will die within the first year of life (Petrini et al., 2002) , and of those that do, more than 70% of the deaths occur in the neonatal period (Anderson, 2001) . The infants that survive with a birth defect often face lifelong challenges including a greater chance of death and illness, such as mild health problems, social challenges, long term disability, and reduced quality of life, when compared with infants without birth defects (Petrini et al., 2002; Centers for Disease Control and Prevention 2012b) .
Despite the public health implications of birth defects, in 65 to 70% of birth defect cases, the cause of the birth defect remains unknown (Institute of Medicine, 2003) . It has been reported that any alteration in the developmental processes of the fetus may cause severe nervous system birth defects (Rice and Barone, 2000) and injury during pregnancy could be a mechanism for alteration. Furthermore, case reports and case series have suggested an association between injury during pregnancy and several nervous system and nervous system-related fetal/ neonatal (Richards, 1969; Bowdler et al., 1987; Baethmann et al., 1996; Strigini et al., 2001; Hagmann et al., 2004; Leroy-Malherbe et al., 2006) and infant (Bowdler et al., 1987; Litmanovitz et al., 2000) outcomes. However, the association between injury during pregnancy and select nervous system birth defects on a population level has only recently been examined and no association was found (Tinker et al., 2011) . The purpose of this study is to further explore the potential association between injury during pregnancy and nervous system birth defects in infancy.
MATERIALS AND METHODS Data Collection
Birth defects data were obtained from the Texas Birth Defects Registry (TBDR) (Centers for Disease Control and Prevention, 2012c). The TBDR is a population-based registry that uses active surveillance and began collecting birth defects data in 1996 with statewide surveillance beginning in 1999 (Texas Birth Defects Epidemiology and Surveillance Branch, 2012a 
Study Population
Inclusion criteria for this study were that the infant was born during 1999-2003, was a live birth, and was not diagnosed with any chromosomal birth defects (British Pediatric Association [BPA] code 758; N 5 5908). Cases classified as a spontaneous fetal death (N 5 1547), induced termination of pregnancy (N 5 1745), or an unspecified fetal death/pregnancy termination (N 5 100) were excluded from this study. The study population consisted of 59,750 live born infants.
Definition of Cases and Controls and Exposure of Interest
The case definition was diagnosis of a nervous system birth defect as indicated by a BPA code of 742 in the TBDR. The BPA code 742 includes: encephalocele, microcephalus, reduction deformities of the brain, congenital hydrocephalus, other specified anomalies of the brain, other specified anomalies of the spinal cord, other specified anomalies of the nervous system, and unspecified anomalies of the brain, spinal cord, and nervous system. Study controls consisted of all remaining infants in the TBDR, after the exclusions discussed above, that were diagnosed with a birth defect other than a nervous system birth defect. The exposure of interest was maternal injury during pregnancy. An infant was classified as exposed to a maternal injury during pregnancy if injury during pregnancy was indicated as a maternal illness, condition, or complication the infant's TBDR record. Maternal injury during pregnancy was a dichotomous variable, but included abdominal trauma, abuse, motor vehicle crash, gunshot wound, or the general category of "injuries during this pregnancy." No information was available on the timing or severity of injury, and, due to inconsistent measurement of injury mechanism between study years, injury mechanism was not able to be accurately analyzed.
Data Analysis
Logistic regression was used to test the association between injury during pregnancy and nervous system birth defects. The main effects model was built using univariate analysis followed by step-up and then step-down regression. First-order interactions among the main effects variables were tested through univariate analysis followed by a global test for interactions and step-down regression (Sauber-Schatz, 2008) . The final built model adjusted for infant gender, gestational age at birth, maternal race (white vs. non-white), maternal education (greater or less than high school), low birth weight, tobacco use during pregnancy, number of birth defects, hydramnios, breech presentation, and umbilical cord complications (Hosmer-Lemeshow p 5 0.0613). A significant effect modification on the multiplicative scale between breech presentation and injury during pregnancy was identified (p value 5 0.0161); therefore, stratified analyses (breech and nonbreech) were performed.
Probabilistic Bias Analysis
Semiautomated probabilistic bias analysis was used to correct for systematic error due to misclassification of injury during pregnancy (Lash and Fink, 2003; Fox et al., 2005) . This analysis results in three intervals and graphs of the distribution. The first interval, the conventional odds ratio and 95% confidence interval, only accounts for random error (Fox et al., 2005) . The second and third simulation intervals account for systematic error only and both the systematic and random error, respectively (Fox et al., 2005) . The methods of the analysis are described in more detail elsewhere (Lash and Fink, 2003; Fox et al., 2005) . Misclassification of injury during pregnancy was specified as nondifferential (Szklo and Nieto, 2000) , sensitivity was set equal to 0.075 to account for extreme exposure misclassification, and 1.0 was used as the specificity because indication of exposure was considered accurate. Based on injury during pregnancy counts within strata, a sensitivity of 0.095 for breech presentation and a sensitivity of 0.073 for nonbreech presentation were used.
All analyses were conducted in SAS 9.1 (SAS Institute, Cary, NC). This study was approved by the University of Pittsburgh's Institutional Review Board.
RESULTS
Of the 59,750 study infants, 4,144 (6.9%) were diagnosed with at least one nervous system birth defect (BPA code 742). Injuries during pregnancy were reported among 315 (0.53%) of the 59,750 infants; of these, 25 (7.9%) were also diagnosed with a nervous system birth defect (Table 1) . A higher percentage of women who were injured during pregnancy were younger in age, Black or Hispanic, born in the United States, reported alcohol use during pregnancy, reported tobacco use during pregnancy, had breech presentation at delivery, had hydramnios, and had umbilical cord complications compared with women who were not injured during pregnancy ( Table 2) .
The unadjusted odds ratio (OR) and adjusted odds ratio (aOR) with corresponding 95% confidence intervals (95% CI) for the association between injury during pregnancy and nervous system birth defects were OR, 1.16; 95% CI, 0.77-1.76 and aOR, 1.00; 95% CI, 0.63-1.56, respectively (Table 3) . Accounting for exposure misclassification changed the OR for the unadjusted analysis very little: OR, 1.17; 95% CI, 0.77-1.80. Whereas, the aOR moved slightly upward and away from the null aOR 5 1.16, 95% CI, 0.73-1.85 when accounting for exposure misclassification (Table 3 ). This suggests that the misclassification of injury during pregnancy in the conventional analysis was biased slightly toward the null, but not enough to effect the overall conclusion of no association.
Breech presentation modified the effect of injury during pregnancy on the risk of a nervous system birth defect. Of the infants with a breech presentation (n 5 6001), 40 were exposed to a maternal injury during pregnancy and 610 were diagnosed with a nervous system birth defect. Among infants diagnosed with a breech presentation, the infants who were exposed to a maternal injury during pregnancy were more likely to be diagnosed with a nervous system birth defect than those who were not exposed to a maternal injury during pregnancy aOR, 2.44; 95% CI, 1.08-5.53 (Table 4) . Among pregnancies with nonbreech presentation, there was no association aOR, 0.73; 95% CI, 0.42-1.30.
Accounting for exposure misclassification increased the OR for the adjusted analysis among breech presentation infants: aOR, 3.34; 95% CI, 1.43-7.85 (Table 4 ). This suggests that the misclassification of injury during pregnancy among breech presentation infants was biased toward the null. For nonbreech presentation, the aOR increased slightly when exposure misclassification was accounted for: aOR, 0.81; 95% CI,0.44-1.46, but there remained no association (Table 4) . 
DISCUSSION
Although case reports and case series have suggested an association between injury during pregnancy and several nervous system and nervous system-related fetal/ neonatal outcomes (Bowdler et al., 1987; Baethmann et al., 1996; Litmanovitz et al., 2000; Hagmann et al., 2004; Leroy-Malherbe et al., 2006) , this study replicated prior findings by Tinker et al. (2011) of no association between injury during pregnancy and nervous system birth defects on the population level. Perhaps the main difference between the case reports and case series and the population-based studies is the lacking detail on injury severity, timing, and mechanism that was a limitation in this study and Tinker et al. (2011) . The limited injury information both in quantity and quality might account for the observed null findings.
The TBDR is one of the few databases that includes information on injury during pregnancy and birth defects, but there is no timing of injury, severity of injury, or consistent mechanism of injury information available. Timing of injury information is important to assess when available, because the various regions of the brain form at different times; therefore, the timing of insults, their severity, and nature will likely determine the type or pattern of brain injury, how the neurological disorder is expressed, and the extent to which the individual's functioning abilities will be affected (Rees and Harding; 2004) . When available, assessing the timing of injury in future studies should be done to help identify windows of vulnerability for adverse nervous system outcomes following injury during pregnancy. It has also been shown that regardless of the severity of a pregnant woman's injury, the pregnancy and/or fetus can still experience adverse outcomes and even fetal death (Agran et al., 1987; Fries et al., 1989; Esposito et al., 1991; Poole et al., 1996; Baerga-Varela et al., 2000; 2002; Grossman, 2004; Schiff and Holt, 2005) . Therefore, similar to injury timing, when available, injury severity should be analyzed to further explore different types or severities of adverse maternal and fetal outcomes following various severities of injury. Data and future studies should account for timing of injury, injury severity, and injury mechanisms when available. However, for that data to be available for study, injuries need to be assessed, reported, and recorded in detail.
The strong association between injury during pregnancy and nervous system birth defects among infants with breech presentation was a novel finding that should be further explored. Breech presentation can be caused by underlying fetal or maternal abnormality, can be a chance occurrence, or can reportedly be related to a benign variant such as cornual placental position (Cluver et al., 2012) . Although the cause of breech may be unknown, it is reported in approximately 3 to 4% of term pregnancies (Hickok et al., 1992) . In this study, 12.7% of infants whose mother was injured during pregnancy and 10.0% of infants whose mother was not injured during pregnancy were breech presentation at delivery; this is a much higher percentage than is seen in the general population, but not unexpected. Birth defects are associated with breech presentation (Rayl et al., 1996; Ford et al., 2010) , and fetal mobility can be affected by neurologic defects (Sival, 1993) . However, it is unknown what is actually driving the association among breech presentation infants in this study. It can be speculated that through direct injury, reproductive organ injury, iatrogenic effects, hypoxia or ischemia, and/ or stress, an injury during pregnancy may disrupt a developmental pathway leading to a nervous system birth defect, which in turn affects the normal rotation of the fetus and results in breech presentation. More research is needed to better understand if this finding is due to preexisting neurologic conditions that led to the breech presentation, or if breech pregnancy increases the likelihood of neurologic injury resulting from trauma.
Strengths and Limitations
There are several strengths to this study. The first is the choice of the data source. Both cases and controls were identified from the TBDR. Therefore, both groups were subjected to the same active surveillance data collection efforts and recall regarding exposure, so no bias is introduced (Gordis, 2000) . However, because controls were infants diagnosed with other birth defects and a few select birth defects have recently been associated with injury during pregnancy (Tinker et al., 2011) , it is possible that there is a bias toward the null for the association between injury during pregnancy and nervous system birth defects. A second strength of this study is that, because trauma during pregnancy is relatively rare, it is ideal to study using large secondary data sources (Ikossi et al., 2005) , such as the TBDR. Another strength is that many studies that examine the role of trauma during pregnancy focus on hospitalization or fetal death reviews (Hyde et al., 2003) , but by using the TBDR, the women who were injured during pregnancy did not need to be hospitalized for their injury or experience the severe outcome of fetal death to be included in this study. This could also be seen as a study limitation, in that the inclusion of minor injuries might dilute or mask associations. A final strength is that we were able to report secondary ORs and 95% CIs that better quantifies the results when misclassification exists by using the probabilistic bias analysis.
A limitation of this study was the potential for the TBDR to miss cases of birth defects that were eligible for inclusion into the registry. For instance, birth defect cases are not included in the registry if they are diagnosed beyond an infant's first year of life (other than cases of fetal alcohol syndrome). This is an important limitation to consider when studying nervous system birth defects because nervous system birth defects might not be diagnosed until later in life when a child is not meeting developmental milestones. Another way cases could be missed is if they were diagnosed outside of Texas or in prenatal diagnostic facilities or private physicians' offices (which are not included in the TBDR) (Texas Birth Defects Epidemiology and Surveillance Branch, 2012b). A second limitation of this study is that the data are older. The TBDR currently has more recent years of data available, but adding more recent years of data is not feasible. The data management involved in merging and linking the 1999 to 2003 data and combining and collapsing study variables for consistency in definition was highly involved and time consuming. A final study limitation is that the generalizability of the study results beyond the state of Texas is unknown.
Future Research
This study's significant and novel finding of an association between injury during pregnancy and nervous system birth defects among breech presentation infants merits further exploration. Going beyond this study's scope and overall outcome of nervous system birth defects, there are other birth defects (Tinker et al., 2011) , specific nervous system birth defects, and other neurorelated outcomes that should be assessed in future studies. Especially because neurodevelopmental disabilities affect 3 to 8% of the 4 million babies born each year in the United States (Weiss and Landrigan, 2000) and the cause of fewer than 25% of neurodevelopmental disabilities such as dyslexia, attention deficit hyperactivity disorder, intellectual retardation, and autism is known (Weiss and Landrigan, 2000) . Support for these hypotheses could be garnered from Morris et al. who reported that approximately 40% of the neonates in their study that survived emergency cesarean section following maternal trauma had moderate to serious disabilities, many had neurobehavioral dysfunction and poor school performance (Morris et al., 1996) . Therefore, the association between injury during pregnancy and other neurorelated outcomes should be considered, while also taking into consideration gestational age at birth. In conclusion, although no association between injury during pregnancy and nervous system birth defects was found in this study, the literature continues to support injury during pregnancy as a preventable risk factor for many adverse pregnancy, fetal, and infant outcomes on a case level. The novel association between injury during pregnancy and nervous system birth defects among infants with breech presentation should be further explored.
